U
nderstanding of respiratory syncytial virus (RSV) infection has increased substantially since its discovery, but a curative treatment remains elusive. Insights into the impact of gestational age, epidemiologic patterns, virus incubation and proliferation, pathogenesis and pathophysiology, and host immune response have set the stage for preventive measures and effective therapy. In today's clinical practice, a specifi c humanized antibody is administered to high-risk infants, which is safe and effective in preventing RSV-related acute and postacute symptoms.
  VIRUS STRUCTURE AND CLASSIFICATION
Knowledge of the molecular structure of RSV is important because it gives clues as to how it infects the human airways (Figure 1) . The virus is made of a single strand of RNA contained in a nucleocapsid made of only 11 proteins and covered by a lipid envelope. Essential for the virulence of RSV are the surface glycoproteins G and F (fusion) that attach to the host airway epithelial cells and merge the viral envelope to the membranes of multiple adjacent cells, creating the "syncytia" that give RSV its name. G and F proteins are also the principal antigens exposed to the host immune system, and therefore the patient's neutralizing antibodies are primarily directed against these targets. All the other viruses-including infl uenza, parainfl uenza, metapneumovirus, and adenoviruses-as well as bacterial infections are much less common during the fi rst years of life.
  VIROLOGY
The burden of RSV continues to grow worldwide, particularly among the youngest segment of the population. 2 During the fi rst year of life, infants are not adequately protected from RSV by maternal immunoglobulins. Thus, approximately 80% of lower respiratory infections in children younger than 1 year are due to RSV with peak incidence occurring at 2 to 3 months of age. In the United States, bronchiolitisassociated hospitalizations in infants younger than 12 months more than doubled between 1980 and 1996, and in 1996, accounted for approximately 3% of all pediatric hospitalizations. Up to 120,000 RSV-related pediatric hospitalizations per year occur during a typical season. 3 Mortality rates have improved signifi cantly-at least in industrialized countries-and now are probably less than 1%. 4 In the United States, RSV is estimated to cause fewer than 100 deaths annually, primarily because of better supportive care and the use of mechanical ventilation.
The seasonality of RSV varies by region. In the
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northern United States from October through March, RSV causes up to 90% of lower respiratory infection cases in infants. In the southern United States and farther into the southern hemisphere, the virus becomes endemic and can be present throughout the year with peak incidence occurring from August to September.
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  RSV RISK FACTORS
The severity and frequency of RSV infection is infl uenced by well-known risk factors including environmental overcrowding, absence of breastfeeding, and immunosuppression. Children with chronic lung disease are predisposed to clinically signifi cant RSV infection by their limited respiratory reserve, and 60% of those affected will be hospitalized. Hemodynamically signifi cant congenital heart defects associated with higher pulmonary blood fl ow also increase risk for severe RSV disease, with more than 50% of children infected requiring hospitalization. 4 Prematurity and increased RSV risk Premature-born infants have a 10-fold increased risk of RSV infection and account for 25% to 30% of RSV hospitalizations annually. 4 Prematurity as a risk factor for RSV is primarily tied to the physiology of placental immunoglobulin G (IgG) transfer. The human placenta is not permeable to IgG during the fi rst half of pregnancy because of low expression of the Fc receptor needed to bind immunoglobulins and transfer them into the fetal circulation. Further, maternal IgG is recognized as a foreign protein by the newborn and is progressively removed from the circulation by the liver. 5 Thus, the IgG decline continues postnatally, reaching the lowest concentration at 2 to 3 months of age because newborns are unable to synthesize their own antibodies. During this time, full-term born babies are at the highest risk for developing RSV infection. The risk is logically higher for premature infants who lack the full benefi t of IgG transfer occurring during the last trimester, rendering antibody levels even lower at nadir. The greater the prematurity, the less the antibody protection and the more the predisposition to RSV infection. 5 
  CLINICAL MANIFESTATIONS
The hallmark signs of RSV bronchiolitis are wheezing, cough, and increased work of breathing caused by infection of the bronchiolar airways. However, the nasal phase of the infection may cause irritation and trigeminal nerve activation associated with sneezing, congestion, and apnea. Indeed, approximately 20% of infants manifest an apnea episode as the fi rst symptom of infection. 6 The specifi c etiology of RSV can be confi rmed by antigen detection tests, currently being replaced by more sensitive polymerase chain reaction (PCR)-based assays. Chest radiography reveals obvious signs of RSV lower respiratory infection, typically patch atelectasis, increased peribronchial markings, and bilateral hyperinfl ation with fl attening of the diaphragm. Current guidelines indicate that the diagnosis of acute bronchiolitis should be based exclusively on the history and physical exam; it does not require radiographic or laboratory studies.
Correct etiologic diagnosis, however, is crucial to avoid unnecessary therapies and rule out rare conditions that could be worsened by therapies commonly used for bronchiolitis. For example, infants with dilated cardiomyopathy and congestive heart failure may present with symptoms of wheezing that mimic an acute respiratory infection, but these patients are at risk of developing supraventricular tachycardia and even cardiopulmonary collapse associated with administration of beta-agonist agents. In such cases, a chest radiograph will show cardiomegaly suggesting a different diagnosis and therapy, and thus avoid signifi cant complications.
Recurrent wheezing
Children infected with RSV during their fi rst year of life develop a higher risk of subsequent episodes of bronchial obstruction. Several retrospective stud- Envelope spikes
Inner envelope Nucleocapsid Surface of infected cells S15 PIEDIMONTE ies conducted in the 1980s explored the incidence of lower respiratory symptoms continuing for years after initial RSV infection. Particularly unexpected was the fi nding that at least one-third of children hospitalized with RSV bronchiolitis will continue to wheeze beyond 6 to 8 years of age (Figure 3) . [7] [8] [9] More recent prospective studies of recurrent wheezing following RSV infection have been conducted. A Swedish study of 47 infants hospitalized with culture-proven RSV bronchiolitis showed significantly increased physician-diagnosed asthma (38%) compared with the 93 controls (2%) at age 7.5 years (P < .0001). 10 Follow-up studies of the same cohort found increased risk for recurrent wheezing or asthma in the RSV group still present at age 13 years 11 and 18 years 12 compared with controls.
Asthma
History of RSV infection is important both as a trigger of asthma attacks and in the inception of asthma. Family history of asthma is the most important marker of a genetic predisposition to develop asthma. A multivariate analysis of the Swedish cohort discussed above showed that children with neither previous RSV infection nor family history of asthma had approximately a 5% risk of developing asthma by age 7.5 years. None of the children with a family history of asthma but no history of RSV infection developed asthma during follow-up. Children who had an RSV infection without a familial predisposition to asthma had approximately a 20% risk of asthma development. Children with both previous RSV infection and a family history of asthma had the highest (~40%) risk of developing asthma. 10 These results provide important information about asthma pathogenesis in early life. The main implication is that even if a child has a genetic predisposition to asthma development, clinical manifestations will not develop without exposure to environmental agents that allow the actual expression of the predisposing genes, such as pollution, unbalanced diet, or early-life RSV infection. On the other hand, children without genetic predisposition can present with clinical manifestations undistinguishable from atopic asthma if their respiratory tract is exposed to specifi c viral pathogens during Chlamydia pneumoniae, 0%
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crucial developmental windows in early life. Finally, the combination of genetic predisposition and adverse environmental exposures in infancy carries the highest risk of asthma.
  RSV MANAGEMENT Ribavirin
The life cycle of RSV after the initial infection affects treatment strategies. RSV produces no symptoms for at least 3 to 5 days following infection ("eclipse phase"), during which time it reproduces exponentially and reaches the lungs, causing the fi rst symptoms to be observable after 5 to 7 days. By the time the fi rst symptoms emerge, the virus is already rapidly disappearing from the system. 13 If ribavirin is administered at this point, the pediatrician has provided a virostatic agent against a virus that is no longer present, and therapy will not only be ineffective, but it may trigger bronchospasms.
The American Academy of Pediatrics (AAP) Committee on Infectious Diseases supported the use of ribavirin in 1993 guidelines, 14 but changed their recommendation to "may be considered" in 1996. 15 The only exception for ribavirin use is in the immunocompromised patient with RSV. In this scenario, the virus continues to replicate for months after the initial infection unopposed by the host defense mechanisms; therefore, aerosolized ribavirin therapy should be considered, either alone or in combination with humanized anti-RSV antibody.
Other treatments
Corticosteroids have not been shown to have a signifi cant effect on RSV bronchiolitis. 16 Alpha-and beta-adrenergic bronchodilators, such as epinephrine and albuterol, have shown very little or no effect on RSV symptoms in multiple controlled trials. The only effective treatment with proven effi cacy is supportive therapy with adequate fl uid intake and oxygen. Oral feeding should be withheld in patients with high respiratory rates to prevent aspiration.
  PROPHYLAXIS Vaccines
Vaccines have been ineffective against RSV and can be dangerous in children. RSV is not a strongly cytopathic virus; illness results primarily from the host immune response against the infection rather than from the virus itself. 16 Therefore, any vaccine carries the risk of creating a stronger and potentially dangerous immune response to the next infection.
In the 1960s, a formalin-inactivated RSV vaccine was introduced with deleterious outcomes-it was minimally protective and was responsible for infant deaths. Because mortality was not immediate, the vaccine continued to be administered throughout the season. Unfortunately, with their immunity modifi ed, vaccinated children became severely ill when they came in contact with the wild-type virus during the year following vaccination. The withdrawal of the formalin-inactivated vaccine still represents an important precedent that makes investigators and regulatory bodies very cautious about active immunization against this virus.
Palivizumab
Palivizumab is a 96% human monoclonal antibody targeting the RSV F protein, and it offers passive immunity for infants at risk for severe infection. The Impact-RSV clinical trial of palivizumab showed that fi ve monthly intramuscular injections effectively reduced RSV hospitalizations by 78% in premature infants from 32 to 35 weeks gestation without bronchopulmonary dysplasia (BPD). Treatment offered only a 39% reduction in premature infants with BPD. 17 The most recent AAP guidelines 18 recommend palivizumab prophylaxis with a maximum of fi ve monthly doses only in the fi rst year of life for otherwise healthy infants born before 29 weeks gestation and for infants born before 32 weeks gestation with PIEDIMONTE chronic lung disease of prematurity (CLD) defi ned as a requirement for supplemental oxygen for at least 28 days after birth. Prophylaxis is no longer recommended in the second year of life, except for infants with CLD still requiring oxygen, corticosteroids, or diuretics. Palivizumab prophylaxis should be discontinued if a breakthrough RSV hospitalization occurs because the likelihood of a second RSV hospitalization in the same season is low.
Palivizumab also should be considered for children with hemodynamically signifi cant congenital heart defects, profound immunodefi ciency, and pulmonary or neuromuscular pathologies impairing airway clearance; however, no formal recommendation was made for patients with Down syndrome or cystic fi brosis due to insuffi cient data. 18 The protective effect of palivizumab appears to be cumulative, with almost half of the breakthrough infections observed in the clinical trials occurring after the fi rst injection or immediately following the second. 17 A recent randomized, double-blind, placebocontrolled trial has shown that palivizumab given to premature infants during the fi rst year of life provides a 40% to 60% reduction of wheezing episodes. 19 This trial confi rms the results of previous retrospective studies; however, further large multicenter trials of palivizumab prophylaxis in both premature and fullterm infants are needed to assess protection against recurrent wheezing and asthma, and to formulate evidence-based recommendations.
  FUTURE DIRECTIONS
Nebulization of 3% saline improves mucociliary clearance and is increasingly being used in airway diseases involving mucus plugging (eg, cystic fi brosis). It also has been reported to reduce length of hospital stay and provide symptomatic relief in patients with bronchiolitis, but its use remains controversial. In particular, it has not been shown to be effective at reducing hospitalization when used in emergency settings. Therefore, based on current evidence, the administration of hypertonic saline for bronchiolitis should be limited to hospitalized infants.
Anti-leukotrienes used during the acute phase of RSV bronchiolitis have been shown to improve post-bronchiolitis respiratory symptoms, especially in younger patients with high urinary leukotriene E4 (LTE 4 ). However, a large, multicenter, randomized, double-blind, placebo-controlled trial with montelukast failed to show statistically signifi cant clinical improvement. A post-hoc data analysis revealed that children with persistent respiratory symptoms after the acute phase of the infection may benefi t from montelukast, but the manufacturer (Merck) is no longer pursuing this indication.
There is not enough scientifi c evidence at present to support the use of DNAse or exogenous surfactant in the setting of acute bronchiolitis. New generations of specifi c antivirals and vaccines based on immunogens offer hope as new options for prophylaxis and/or management of RSV infection in the not too distant future.
Recent basic science investigations have provided new fi ndings that could infl uence future therapies. Some of these studies have suggested that the tropism of RSV is not solely for the airway epithelium; rather, this virus can spread hematogenously to infect extrapulmonary targets, particularly the bone marrow stromal cells where RSV fi nds a sanctuary niche shielding it from immune protection and allowing subclinical latency. In one study, RSV was found in the bone marrow of every child and in about 80% of adults tested. 20 Similar fi ndings were replicated with other pathogens like Mycobacterium tuberculosis. 21 This discovery could direct future treatment strategies for a number of viral, bacterial, and parasitic infections.
In another study, transplacental transmission of RSV from the mother's airways to fetal lung tissues was shown for the fi rst time in an animal model of infection. When the virus enters fetal respiratory cells, it persists and induces the expression of neurotrophic factors and receptors resulting in postnatal airways with dramatically increased parasympathetic innervation and methacholine reactivity. These structural and functional changes provide a suitable model to explain the development of long-term bronchial hyperreactivity following re-exposure to RSV in early life. 22 In conclusion, the search for a cure for the most common respiratory infection in children has humbled several generations of investigators through the more than 50 years since RSV was discovered. Nevertheless, the rapid evolution in the fi elds of virology and immunology and recent breakthrough discoveries promise to deliver new strategies that may make a difference in the management of this common infection and its long-term sequelae.
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